The ages of puberty, first sexual intercourse and first birth signify the onset of reproductive ability, behavior and success, respectively. In a genome-wide association study of 125,667 UK Biobank participants, we identify 38 loci associated (P < 5 × 10 −8 ) with age at first sexual intercourse. These findings were taken forward in 241,910 men and women from Iceland and 20,187 women from the Women's Genome Health Study. Several of the identified loci also exhibit associations (P < 5 × 10 −8 ) with other reproductive and behavioral traits, including age at first birth (variants in or near ESR1 and RBM6-SEMA3F), number of children (CADM2 and ESR1), irritable temperament (MSRA) and risk-taking propensity (CADM2). Mendelian randomization analyses infer causal influences of earlier puberty timing on earlier first sexual intercourse, earlier first birth and lower educational attainment. In turn, likely causal consequences of earlier first sexual intercourse include reproductive, educational, psychiatric and cardiometabolic outcomes.
The age of puberty-the transition from childhood to sexual maturity and reproductive ability-has fallen markedly over the last century in most populations, as illustrated by the decrease in the average age at menarche from 18 years in 1880 to 12.5 years in 1980 (refs. 1,2) . This decline was initially observed in industrialized, Western countries and more recently has been seen in countries with more recent economic transitions, often with the decrease in age occurring far more rapidly 3 . These changes likely reflect increases in childhood nutrition and body size, but exposures to endocrine-disrupting chemicals or other specific environmental factors have also been proposed 1 . In contemporary cohorts, earlier puberty timing, in both men and women, is associated with greater propensity for risk-taking behaviors 4, 5 , lower educational attainment, greater susceptibility to several adverse health outcomes 6 and, in women, increased mortality 7 . Conversely, it has been proposed that earlier puberty timing is a life-history strategy that promotes greater reproductive fitness 8 . Yet, despite some reports that earlier puberty timing is associated with younger age at first sexual intercourse (AFS) 9, 10 and younger age at first birth (AFB), there is yet little evidence that this trait is associated with reproductive fitness 11 .
In contrast to the small body of evidence on the role of puberty timing in AFS, most research on the predictors or determinants of AFS is contextualized in terms of the social, economic and cultural environment, including the nature of interpersonal relationships. Hence, established correlates of younger AFS include social disadvantage, family instability, low levels of parental monitoring, and lack of religious affiliation and belief [12] [13] [14] . In particular, parental and peer norms and behaviors have a strong influence on teenagers' sexual behavior [14] [15] [16] . Twins studies have suggested some genetic contribution to AFS 17, 18 ; however, observations of older AFS among monozygotic twins as compared to dizygotic twins 13 cast doubt on the ability of twins studies to accurately estimate the heritability of this trait.
Recent genome-wide association studies (GWAS) have identified 123 sequence variants independently associated with timing of menarche in females 19 , and these signals seem to have concordant effects on puberty timing in males 20 . A valuable application of such GWAS findings is the use of genetic variants as instrumental variables in Mendelian randomization analyses. This allows for the assessment of likely causal relationships, with less risk of confounding when compared to traditionally observed epidemiological associations 21 . Here we use this approach to test the causal relationship of puberty timing 19 with AFS and AFB. We also perform a GWAS to identify sequence variants associated with AFS and AFB and use these findings to test the causal relationships of the ages of onset for reproductive ability, activity and success with other behavioral and health-related outcomes.
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RESULTS

Shared genetic architecture for reproductive traits
We used whole-genome LD Score regression 22 to test the genetic correlations between the timings of puberty, first sexual intercourse and first birth; such correlations quantify the extent of shared genetic architecture. Data on genome-wide SNP associations with puberty timing were recently reported 19 . To generate such scores for the other two traits, we performed association tests across a genome-wide panel of ~46 million SNPs for self-reported AFS and AFB (recorded in women only) in 59,357 men and 66,310 women in the UK Biobank study. In this sample, the median (interquartile range, IQR) AFS was 18 years (16-21 years) in men and 18 years (17-21 years) in women, and the median (IQR) AFB was 25 years (22-28 years) (recorded in women only). The SNP-based test REML 23 indicated moderate heritability for AFS, both in men (h = 0.248, standard error (s.e.) = 0.010) and women (h = 0.242, s.e. = 0.010), and also moderate heritability for AFB (h = 0.290, s.e. = 0.015; women only). Using the scores for the three traits, we found moderate positive genetic correlations between puberty timing and AFS, both in women (r g = 0.22, P = 1.2 × 10 −16 ) and men (r g = 0.26, P = 9.5 × 10 −8 ), and between puberty timing and AFB (r g = 0.24, P = 9.0 × 10 −13 ; women only). Furthermore, we found a strong genetic correlation between AFS and AFB (r g = 0.86, P = 3.1 × 10 −136 ).
Genetic correlations have been reported between puberty timing and a range of other health-related traits, including inverse correlations with body mass index (BMI), type 2 diabetes (T2D) and cardiovascular disease (CVD) 20 . In the same way, we applied whole-genome LD Score regression 22 to test genetic correlations between AFS and other health-related traits, using publicly available GWAS data sets or original GWAS findings from the UK Biobank study (Online Methods). We identified genetic correlations between AFS and 22 of the 44 tested outcomes or traits after correction for multiple testing (P < 1.1 × 10 −3 ), including inverse correlations with BMI, T2D and CVD, as well as correlations with a variety of behavioral (for example, smoking or alcohol intake) and neurological (for example, intelligence or risk-taking propensity) traits and psychiatric outcomes (attention deficit hyperactivity disorder (ADHD) or schizophrenia) (Fig. 1) .
In a sex-combined GWAS in the UK Biobank study, we identified 33 loci with variants associated at P < 5 × 10 −8 with AFS (Fig. 2, Table 1 and Supplementary Figs. 1  and 2) . Nine of these loci showed sexdiscordant associations (P heterogeneity < 0.05), and subsequent sex-specific models identified an additional five signals, four in men and one in women ( Table 1) . Across these 38 AFS-associated loci, effect sizes ranged from 0.02 to 0.33 s.d. and minor allele frequencies (MAFs) ranged from 0.15% to 49%. Seventeen of these variants were associated with AFS at the more stringent P-value threshold of P < 1 × 10 −9 .
In the absence of other large GWAS for AFS, we relied on the strong genetic correlation between AFS and AFB in women to collectively confirm our genetic findings in two independent data sets: deCODE (n = 117,626 males and 124,284 females) and the Women's Genome Health Study (WGHS; n = 20,187 women). A weighted SNP genotype score for our 38 new signals for AFS was strongly associated with AFB in both deCODE (P = 3.3 × 10 −21 ) and WGHS (P = 9.2 × 10 −4 ) (Supplementary Tables 1 and 2) . The subset of 21 less stringently associated AFS variants (those with association P values between 5 × 10 −8 and 1 × 10 −9 ) was also collectively associated with AFB (weighted SNP genotype score in deCODE, P = 3.1 × 10 −7 ).
Biological determinants of age at first sexual intercourse
None of the 38 lead AFS-associated variants (or their proxy SNPs with linkage disequilibrium (LD) r 2 >0.8) were nonsynonymous; however, several were located in regions containing promoter or enhancer histone marks, DNase-hypersensitive sites or protein-binding sites (Supplementary Table 3 ). In addition, the majority of these variants either altered regulatory motifs or were associated in cis with gene expression (Supplementary Table 4) .
To identify mechanisms that might regulate AFS, we performed a systematic test of all annotated biological pathways for enrichment of genes located near AFS-associated signals, using MAGENTA (Online Methods and Supplementary Table 5) . Four pathways were associated with AFS: 'circadian clock system' , 'packaging of telomere ends' , 'RNA polymerase I promoter opening' and 'NOTCH HLH transcription' .
We then tested puberty timing and body size as specific a priori candidate determinants of AFS, by performing Mendelian randomization analyses in the UK Biobank sample. For each exposure, we created an approximated genetic risk score using summary-level effect estimates for SNPs at reported signals Figure 1 Bar chart of genetic correlations for age at first sexual intercourse. Whole-genome LD Score regression tested genome-wide SNP associations for AFS against similar data for 44 other traits; error bars show 95% confidence intervals on these estimates. Blue (positive correlation) and red (negative correlation) bars represent the 22 traits that showed a significant genetic correlation after correction for multiple testing (P < 1.1 × 10 −3 ). Traits annotated with "a" were analyzed in women only, and those annotated with "b" were analyzed in men only. ADHD, attention deficit hyperactivity disorder; SES, socioeconomic status, behavioral and personality traits; BMD, bone mineral density.
showing robust association with each phenotype (Online Methods and Supplementary Tables 6-10). In both men and women, genetically predicted earlier puberty timing (P women = 2.0 × 10 −9 and P men = 4.7 × 10 −11 ) and genetically predicted greater BMI (P men = 5.5 × 10 −8 and P women = 2.2 × 10 −4 ) seemed to promote earlier
AFS (Supplementary Tables 7 and 8).
Genetically predicted greater height seemed to promote later AFS in men (P = 1.0 × 10 −5 ) and women (P = 1.1 × 10 −3 ) (Supplementary Table 9 ), consistent with reported non-genetic associations between greater height and later AFB in European men and women 24 . 25, 26 , we tested genetic instrumental variables for skin freckling and hair color, which are traits regulated by this gene 25, 26 . Genetically predicted skin freckling seemed to promote later AFS in women (P = 6.3 × 10 −9 ) but not in men (P = 0.47), and genetically predicted red hair seemed to promote later AFS in both men (P = 0.02) and women (P = 9.3 × 10 −5 ) (Supplementary Table 10 ).
Consequences related to reproductive timing
To test whether puberty timing and AFS might be causally related to other behavioral, reproductive and health outcomes, we performed Mendelian randomization analyses using weighted allele scores calculated from SNP genotypes at signals associated with puberty timing 19 or AFS (described above) as genetic instrumental variables for these traits. To reduce bias, we avoided testing health outcomes in the same data sets that were used to generate the allele weightings (that is, outcomes related to AFS were tested in data sets other than the UK Biobank study). Genetic associations were scaled to indicate the likely causal effect of a 1 s.d. change in AFS and a 1-year change in puberty timing.
Genetically predicted earlier puberty timing decreased the likelihood of remaining in education after 16 years of age (odds ratio (OR) = 0.98 per year, P = 6.2 × 10 −4 ; in the UK Biobank study) (Supplementary Table 11) . Similarly, genetically predicted earlier AFS decreased the likelihood of attaining university-level education (standardized OR = 0.74, P = 3.7 × 10 −5 ; in publicly available Social Science Genetic Association Consortium data) and increased the likelihood of being an ever-smoker (standardized OR = 1.33, P = 2.0 × 10 −3 ; in publicly available Tobacco and Genetics Consortium data) (Supplementary Table 9 ). For reproductive outcomes, in the deCODE data, genetically predicted earlier AFS promoted earlier AFB (women: standardized effect size (β) = 1.71, P = 2.2 × 10 −17 ; men: standardized β =1.69, P = 2.6 × 10 −13 ; combined P = 3.3 × 10 −21 ), a greater number of children (women: standardized β = 0.035, P = 0.006; men: standardized β = 0.012, P = 0.34; combined P = 0.0044) and lower likelihood of being childless (women: standardized OR = 0.67, P = 0.034; men: standardized OR = 0.66, P = 0.009; combined P = 0.0022) (Supplementary Table 1) . Similarly, earlier puberty timing promoted earlier AFB (β = 0.37 years per year, P = 5.8 × 10 −8 ; assessed in UK Biobank women only) and earlier age at last birth (β = 0.37 years per year, P = 3.7 × 10 −7 ; assessed in UK Biobank women) but had little effect on other reproductive outcomes (Supplementary Tables 6 and 11) .
We noted that several of the 38 new AFS signals were located in or near genes reportedly implicated in brain development (BARHL2, SEMA3F, ZIC4-ZIC1, DPYSL4 and DIAPH3) or neuronal activity and/or susceptibility to schizophrenia or bipolar disorder (CADM2, LRP4, GRIA4, CACNA1D, HCN1, GRIA4, DRD2, FURIN, GNAL and VRK2) ( Table 1 and Supplementary Table 3) , consistent with our observed shared genetic architecture for AFS and ADHD (r g = −0.38, P = 5.9 × 10 −4 ) and for AFS and schizophrenia (r g = −0.10, P = 7.3 × 10 −4 ) (Fig. 2) . We used a bidirectional Mendelian randomization approach to test likely causal relationships (Supplementary Tables 12 and 13): susceptibility to schizophrenia seemed to lower AFS (in the UK Biobank study, with or without exclusion of individuals with selfreported psychiatric illness, P = 0.005), but earlier AFS also seemed to increase susceptibility to schizophrenia (in publicly available Psychiatric Genetics Consortium data, P = 4.1 × 10 −11 ), suggesting a pleiotropic relationship between these traits. The substantial shared genetic architecture for AFS and self-reported risk-taking propensity (r g = −0.46, P = 7.3 × 10 −28 ) (Fig. 1) gives insights into possible common determinants of AFS and schizophrenia.
To explore potential specific neurobehavioral mechanisms that might contribute to the etiology of AFS, we looked for associations of the 38 individual AFS loci with 15 other behavioral, reproductive and health-related traits in the UK Biobank study and other independent studies (Fig. 3 , Online Methods and Supplementary Table 14) .
CADM2 and MSRA loci influence multiple behavioral traits
The AFS signal represented by rs57401290 is intronic to CADM2, which encodes a neuronal cell adhesion molecule. rs57401290, or highly correlated SNPs in this locus, also showed genome-wide significant associations in the UK Biobank study with self-reported risk-taking propensity (rs57401290: P = 5.3 × 10 −9 ; r 2 = 0.65 with the lead CADM2 SNP for this trait, rs4856591: P = 4.3 × 10 −10 ), number of sexual partners (rs57401290: P = 6.0 × 10 −7 ; r 2 = 0.60 with lead SNP rs5850688: P = 4.1 × 10 −8 ) and number of children (rs57401290: P = 6.2 × 10 −7 ; r 2 = 0.65 with lead SNP rs4856591: P = 3.8 × 10 −11 ; MFHAS1  MSRA  BLK  CADM2  CAMKMT  SEMA3F  BTN1A1  PMFBP1  NCAM1  GRIA4  FURIN  MIR4432  COL7A1  TMEM182  KIRREL3−AS3  DIAPH3  HCN1  LOC440970  LRRC27  MAD1L1  DCC  DLG2  KIF3B  IGSF1  CNTN3  CACNA1D  CPNE7  SMC5  ATG13  BARHL2  GPR37L1  ESR1  ZIC4  HS6ST3  GNAL npg replication in deCODE, P = 0.006) (Supplementary Table 14) . In each case, the AFS-decreasing allele conferred higher values of these outcomes. rs57401290 was modestly correlated with the reported signal at this locus for BMI 27 (r 2 = 0.11 with rs13078960; the AFSdecreasing allele also increased BMI) and was strongly correlated with the reported signal in CADM2 for cognitive processing speed 28 (rs17518584, r 2 = 0.80; the AFS-decreasing allele also decreased processing speed). CADM2 shows highest expression in the prefrontal cortex and is involved in a range of neuronal processes, including glutamate signaling, γ-aminobutyric acid transport and neuron cell-cell adhesion 28 . The AFS-decreasing allele at rs658385 (~25 kb downstream of MSRA) was also associated in the UK Biobank study with lower likelihood of self-reported irritable temperament (P = 3.8 × 10 −4 ) and was modestly correlated (r 2 = 0.14) with the lead MSRA SNP for this trait (rs73195303, P = 5.8 × 10 −11 ). Conditional analyses excluded the presence of independent secondary signals for AFS or irritable temperament at this locus. The enzyme encoded by MSRA reduces methionine sulfoxide to methionine and hence repairs proteins that have been inactivated by oxidative stress; blocking this repair represents a candidate mechanism in cognitive impairment, schizophrenia and bipolar disorder 29 . Overexpression of MsrA in the fruit fly Drosophila melanogaster is reported to markedly delay reproductive capacity and extend life span 30 .
ESR1 and RBM6-SEMA3F loci influence reproductive traits
The AFS-decreasing allele at rs726281 (intronic to ESR1, which encodes the estrogen receptor) was also associated in the UK Biobank study with earlier AFB in women (P = 6.9 × 10 −3 ) and higher number of children in women (P = 7.0 × 10 −5 ) (Fig. 3 and Supplementary  Fig. 3 ). This locus contains a moderately correlated (r 2 = 0.25) intronic variant in ESR1, rs67229052, that is also associated with AFS (P = 1.6 × 10 −10 ), AFB (P = 2.4 × 10 −7 ) and number of children in women (P = 3.7 × 10 −8 ) in the UK Biobank study ( Table 2) . In deCODE and WGHS, these associations with rs67229052 were robustly confirmed in women and, in deCODE, were extended to include men (rs67229052: AFB in men, P = 6.7 × 10 −9 ; number of children in men, P = 1.9 × 10 −6 ; Table 2 ). Conditional analyses excluded the presence of independent secondary signals at this ESR1 locus for either AFS or AFB, and, apart from modest correlation between rs726281 and the reported variant for adult height (r 2 = 0.16 with rs3020418), rs726281 and rs67229052 were unrelated to the reported GWAS signals in this gene for puberty timing, breast cancer, breast size and bone mineral density (all r 2 <0.05).
The AFS signal at rs2188151 was highly correlated with a missense variant in SEMA3F (r 2 = 0.7 with rs1046956; p.Leu503Met in semaphorin-3F isoform X2), which encodes a semaphorin protein, and is a cis expression quantitative trait locus (cis-eQTL) for RBM6 (P = 5 × 10 −143 ), which encodes an RNA-binding protein. rs2188151 was correlated with the reported GWAS signals for HDL (r 2 = 0.45 with rs2013208) and puberty timing (r 2 = 0.18 with rs2188151); in publicly available ReproGen Consortium data, the AFS-decreasing allele conferred later puberty timing. In both men and women (Table 2) , the AFS-decreasing allele at rs2188151 was also associated with earlier AFB (sex combined, P = 8.76 × 10 −15 ), greater BMI (P = 3.6 × 10 −15 ; lookup in publicly available GIANT Consortium data, P = 3.9 × 10 −5 ), a greater number of children (P = 9.05 × 10 −5 ) and lower likelihood of being childless (P = 9.38 × 10 −5 ). 
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DISCUSSION
Here we show that a substantial proportion of variation in AFS is due to genetic factors, which likely act through a variety of biological mechanisms, many of which influence either physical traits, such as puberty timing, or personality characteristics, such as risktaking propensity. Previous studies have invariably focused on only the sociocultural determinants of AFS and the relevance of early AFS to poor educational achievement and other adverse outcomes 12, 13 . We recognize the importance of diverse sociocultural factors, which is reflected by the discordant changes in AFS and AFB seen by year of birth in the UK Biobank study (Supplementary Fig. 4) . However, despite such marked changes in secular factors, the genetic contribution to AFS has remained stable over time (estimated heritability in men and women born before 1950: h = 0.262, s.e. = 0.017; heritability in those born in 1950 and onward: h = 0.283, s.e. = 0.015).
The neurobehavioral traits associated with AFS can be broadly categorized as traits corresponding to stimulus-seeking behavior (risktaking) and moderating traits such as intelligence and neuroticism (irritability). Risk-taking is itself related to an exuberant temperament and is moderated by executive functions 31 , which are neurocognitive traits implicated in both AFS 17, 18 and schizophrenia [32] [33] [34] . Furthermore, our extended findings with the AFS signal at CADM2 indicate that neurobehavioral traits, such as cognitive processing speed 28 and risk-taking propensity, may also have major relevance to measures of reproductive success, such as number of children. We suggest that future population-based study designs to examine the premorbid personality and cognitive traits associated with schizophrenia and bipolar disorder may inform understanding of the psychological and biological processes that contribute to reproductive behavior and fecundity.
A notable finding was the AFS-associated locus intronic to ESR1. Effects of estrogen signaling on reproductive ability in women have long been predicted from models of response to fertility-inducing hormones 35, 36 , consistent with effects of estrogens in promoting ovarian follicle maturation and uterine receptivity to implantation 37, 38 . Estrogen receptors are highly expressed in male pituitary, prostate, testis, breast and liver (Supplementary Fig. 3) , and disrupted signaling leads to low sperm concentrations and infertility, both in humans 39, 40 and a rodent model 41 . However, the variants at this locus that we found associated with reproductive behavior (AFS) and reproductive success (AFB), in both sexes, were largely unrelated to the ESR1 variants reportedly associated with other traits (puberty timing, breast cancer, breast size and bone mineral density). The possibility of a central, tissue-specific effect of the ESR1 variant rs67229052 is supported by its demonstration as an eQTL for ESR1 in only one of ~50 Genotype-Tissue Expression (GTEx) tissues (brain_caudate_basal_ ganglia; using the proxy SNP, rs4305732, with r 2 = 0.98); the allele associated with higher ESR1 expression (P = 0.0004) is also associated with later AFS, later AFB and fewer children. Central estrogen receptor signaling was recently described as a biological regulator of socioreproductive behaviors in male mice 42 . Our findings support a neurobehavioral role for ESR1 in both men and women. Furthermore, our findings of robust associations of AFS-associated ESR1 variants with number of children and likelihood of being childless in mid to late adult life suggest that central processes, such as hypothalamic and pituitary sex hormone signaling, and neurocognitive traits may contribute to reproductive success.
Our genetic findings suggest that both physical maturation and neurobehavioral traits contribute to the timing of reproductive activity and success, with consequences for educational and behavioral outcomes. Consideration of individual variation in pubertal timing and also personality characteristics, such as high risk-taking propensity and low neuroticism, may contribute to targeted and more effective approaches to health education and promotion of safer health-related behaviors.
URLs. Genotype imputation and genetic association studies from UK Biobank (accessed 1 August 2015), http://www.ukbiobank.ac.uk/ wp-content/uploads/2014/04/imputation_documentation_May2015. pdf; Psychiatric Genomics Consortium data sets used for genetic correlation analyses (accessed 1 August 2015), http://www.med. unc.edu/pgc/downloads; MAGENTA (accessed 1 August 2015), https://www.broadinstitute.org/mpg/magenta/; aggregated GWAS summary statistics from the UK Biobank Data Showcase, http:// www.ukbiobank.ac.uk/scientists-3/genetic-data/.
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